The purpose of this study is to assess the concentration-response relations between conjunctivitis and exposure to ambient ozone. This retrospective study includes emergency department (ED) visits for conjunctivitis in Edmonton, Canada, for the period April 1992 -March 2002. Daily average levels of ozone (range: 1.2 -50.9, ppb), of temperature, and of relative humidity were estimated and used for the period of the study. For each of the considered exposure lags, (from 0 to 9 days), six different models were fitted to estimate the concentration-response function. The goodness of fit was assessed using the Akaike information criterion. During the period of the study, 17,211 ED visits for conjunctivitis were recorded and used. For all subjects together, a positive statistically significant association was obtained for the exposure lagged by 5 days. For female subjects, lags 1, 3, and 9 had positive statistically significant associations (lag 2 had negative associations). For male subjects, only lag 5 had a positive statistically significant association. The estimated non-linear concentration-response functions for the considered groups (all, males, females) and lags, revealed the associations along the exposure levels. The fitted shapes are described by algebraic functions and may have various forms. The estimated functions are useful to determine the risk associated with exposure to ground-level ozone.
Introduction
This presentation focuses on the methodological aspects of environmental epidemiology. The technique proposed here reveals associations of conjunctivitis with ground-level ozone (O3) as concentration-response curves. The goal of the present paper is to re-analyze the data used in the previous publication [1] , but with a different methodology. The applied methodology allows fitting various types of concentration-response functions, not only linear, as it is assumed in the traditional technique [2] realized in the form of log-linear models. The original publication only demonstrated the positive statistically significant association for ozone lagged by 5 days. It is interesting to explore these relations more fully and to verify the associations for other lags and also by sex.
The conjunctiva is composed of non-keratinized, both stratified squamous and stratified columnar epithelium, together with interspersed goblet cells. As it is highly vascularized and constantly exposed to the external environment, the conjunctiva is vulnerable to various harmful factors such as viruses, bacteria, allergens, and chemicals, thereby resulting in conjunctivitis [3] . In Canada, the recent report elaborated by the Canadian Association of Optometrists summarizes the issues related to eye diseases [4] . In the United States, three to six million people suffer from conjunctivitis per year [5, 6] and it is the most common ocular condition diagnosed in US emergency departments [7] [8] [9] .
The mechanisms by which air pollution impacts eye health is not clearly understood and several pathophysiological mechanisms may explain this association. Pollutants can damage the tear film and directly expose the corneal and conjunctival epithelium to air pollutants, making the ocular surface vulnerable [3, [10] [11] [12] . Tear film abnormalities and subclinical changes of the ocular surface were found in individuals living in areas with high concentrations of pollutants [13, 14] .
Conjunctival goblet cells are slow cycling cells that may proliferate in response to chronic inflammatory stimuli [15] [16] [17] . Recently, it was found that pollutants can increase the number and density of goblet cells in the conjunctiva [18] [19] [20] [21] and increase interleukin-6 (IL-6) and interleukin-8 (IL-8) expressions in pollutant-treated human corneal epithelial cells (HCECs) and conjunctival epithelial cells (HCLEs), [22, 23] .
In addition, the pollution may increase oxidative stress, thus impeding the antioxidant defenses of the eye and inducing a cycle of inflammation and irritation, which strengthens allergen response, leading to clinical allergic conjunctivitis [24] .
Ozone, produced by reactions between nitrogen oxides and volatile organic compounds in a process catalyzed by ultraviolet light, is regarded as one of the most toxic air pollutants to which humans are routinely exposed [25] .
Exposure to high concentrations of ozone has been reported to cause damage to the ocular surface and corneal epithelium, and increased inflammatory tear cytokine levels in a mouse model [26] . In addition, exposure to ozone exacerbates deterioration of the ocular surface and amplifies the inflammatory state already induced by an allergic reaction, as evidenced by an increase in conjunctival chemosis, conjunctival injection, and corneal and conjunctival fluorescein staining scores including significant decrease in tear production [27] .
The prevalence of conjunctivitis according to sex is not clear. Several studies found a high prevalence of allergic conjunctivitis in females [28] [29] [30] [31] while others showed the opposite trend [32] .
There is a small number of epidemiological studies which have investigated the association of conjunctivitis with ambient air pollution exposure. Some of these studies indicate ambient ozone as a risk factor for emergency department (ED) visits [1, 29] along with other ambient air pollutants [3, [33] [34] [35] [36] [37] [38] . One of the first studies concerning this connection reported results on the exposure to ground-level ozone and ED visits for conjunctivitis in Edmonton, Canada [1] . The Taiwan multi-city study [33] , found a high levels of ozone and increase chances of an ED visit, in the immediate post-exposure period, for the patients suffering from nonspecific conjunctivitis. However, the study tested the cumulative exposure, accumulated in the period of up to 5 days preceding the ED visit. In addition to conjunctivitis, the ozone effects on various skin conditions and cellulitis [1, [39] [40] [41] .
The standard approach in environmental epidemiology studies is to use log-linear model, in time-series analysis, considering counts or, in case-crossover analysis, considering separate health events. The estimated relative risk (RR) or odds ratio (OR) are usually shown as one value for a specified air pollution concentration level, say D. They are calculated using the exponential function with the estimated coefficient (slope, beta) and concentration D (RR=exp(beta*D) or OR=exp(beta*D)). In this paper, we propose using various forms of concentration-response functions, not only exponential. We hypothesize that such an approach will result in a more adequate concentration-response function.
Materials and Methods

Used data
ED visits for conjunctivitis in Edmonton, Canada, were collected for the period April 1992 -March 2002, [1] . The data on ED visits were organized by Alberta Health Services-Edmonton Zone for all five major acute care hospitals in the Edmonton area. In this 10 year time period, 2,951,878 diagnosed ED visits were recorded. All ED charts were coded by trained medical record nosologists using the International Classification of Diseases, 9th Revision (ICD-9) codes. The Health Research Ethics Board of the University of Alberta approved this main study protocol. The study was conceived and designed after March 31, 2002 (i.e., it is a retrospective study examining data produced between April 1, 1992 and March 31, 2002) . These data are used in the retrospective study related to ambient air pollution exposure and health outcomes. ICD-9 codes 372.0-9 were applied to identify the conjunctivitis cases from the ED database. There were not any inclusion/exclusion criteria.
Health outcomes measured as ED visits, daily averages of 24 hour concentration levels of ozone, daily average of temperature (dry bulb), and relative humidity were estimated for the period of the study. The environmental data were measured, recorded and provided by Environment Canada (for details, please see NAPS Web site: https://www.ec.gc.ca/rnspa-naps/).
Statistical analysis
A case-crossover (CC) method with a time-stratified approach to select the corresponding controls was used. In the CC method a person plays two roles; that of case and that of their own perfectly matched control on attributes that are not time-varying, such as age, sex, and comorbidity or similar characteristics. The exposure related to the event-period and to control-period(s) is considered and compared as the risk factor. For example, for any health case on October 18, 2017, the days October 4, 11 and 25 are the control days. We may apply the standard CC method in our analysis, but as the CC method works with individual events, it is better to use its equivalent modification [42] [43] [44] . In this way, there is smaller amount of data to process and to use in the related calculations. This approach (cases vs. counts) uses the daily counts rather than individual daily events. For example, 5 events in a specific day will result in 20 or 25 data records (5 cases and 5x3= 15 or 5x4=20 controls) but will be used as 5 daily counts. In the standard CC method, logistic regression models are realized. In this presentation the CC method is realized by using conditional Poisson models [43] .
In the constructed statistical models, temperature and relative humidity are represented in the form of natural splines to adjust for nonlinearity. These two weather factors are used as covariates in the constructed models. They were lagged by the same number of days as ambient ozone values.
Ground-level ozone was considered as the exposure. In the constructed models we used three forms of the transformation function f(z), where z is the amount of ozone, z=O3. These functions were f(z)=z, f(z)=log(z), and sqrt(z). In addition, these functions were regulated by the logistic weighting function. The constructed models used the product of f(z) and the logistic functions to represent the exposure. The exposure (z) was transformed and in such form was incorporated into the statistical model, controlling variation of the shape of the concentration-response functions [2, 45, 46] .
Representing the concentration levels by the variable z, we applied the following formula to calculate relative risk (RR) as the function of the variable z, ( ) = exp ( ( )). The formula used for β(z) has the following form
where r is the range of the concentration levels, μ (mu) and τ (tau) are the parameters of the logistic function, where mu is a location parameter. The parameter tau controls the curvature of the weighting function. Larger values of tau produce shapes with less curvature. For given values of the parameters mu and tau we estimated the coefficient β (Beta). We applied a case-crossover design to realize this study. Because we realized conditional Poisson models rather than conditional logistic regression models, we used the term relative risk rather than odds ratio. We considered three transformation functions of the following forms ( ) = , log( ) , √ . Using the results from other studies [45, 46] we considered only tau =0.1 and tau=0.2.
Here we fitted and tested six models, i.e. separately for each of three transformation functions, with two values (parameter tau; 0.1 and 0.2) of the curvature parameter. The best model is chosen among the evaluated six models (three forms of f(z), and for each, two values of tau) applying the goodness of fit criterion. The methodology with sample data and codes is presented in [2] .
Ozone and the weather parameters were lagged from 0 (the same day as ED visits for conjunctivitis) to 9 days (the exposure 9 days before the event day). For each lag and among the constructed six models we choose the method which gave the best fit. The quality of approximation was measured by the Akaike Information Criterion (AIC) value [47] (see also: https://en.wikipedia.org/wiki/Akaike_information_criterion). The model with the lowest AIC was classified as the best among used and tested. Calculations were done for all patients, males, and females. The included figures present the results for all patients, males and females. All calculations were performed using the R software (v. 3.5.1, © 2018, The R Foundation for Statistical Computing).
Results
There were 17,211 ED visits for conjunctivitis: 9,046 (53%) males, and 8,165 (47%) females. Among the identified cases were the following number of ED visits and types: 5,019 (ICD-9: 372.0; Acute conjunctivitis), 1,635 (ICD-9: 372.1; Chronic conjunctivitis), 7,869 (ICD-9: 372.3; Others and unspecified conjunctivitis), 2,409 (ICD-9: 372.7; Conjunctival vascular disorders and cysts), and 280 cases for other types of conjunctivitis.
During 10 years of the study the frequency of ED visits for conjunctivitis by days of week was as follows: Sunday -number of cases: 3,318 (percentage of all visits: 19.3%), Monday -2,433 (14.1%), Tuesday -2,119 (12.3%), Wednesday -1,994 (11.6%), Thursday -2,063 (12.0%), Friday -2,353 (13.7%), and Saturday -2,931 (17.0%). May, June and July were the months with the highest frequencies: 1,967 (11.4%), 1,763 (10.2%), 1,703 (9.9%), respectively, and February was the month with the lowest number of visits: 1,050 (6.1%).
As was already mentioned there were not any inclusion/exclusion criteria -cases were identified by using ICD-9 codes: 372.X. The postal-codes addresses were used to localize the patients in Edmonton.
The following daily (average of 24 hourly measurements) values were estimated for ozone (1.2, 11.3, 17.9, 18.7, 25.3, and 50.9, in ppb), temperature (-34.1, -4.0, 5.4, 3.9, 14.0, and 26.5, in o C), and relative humidity (25.1, 57.1, 66.2, 66.0, 75.6, 98.5, in %), as minimum value, 25 th percentile, median, mean, 75 th percentile, and maximum, respectively. Table 1 summarizes the results for the six statistical models. It presents the lag (from 0 to 9 days), and the number of models (among six) which categorized the results as positive and statistically significant (estimated slope, Beta) at two levels of the criteria (P-Value): 0.05 and 0.2. For some lags we observed positive associations which was not statistically significant. Therefore, we used an additional criterion P-value = 0.2 to verify if positive associations persisted for various models considered. It allows us to assess for associations when the results are not statistically significant. For lag 5, this value in both cases is 6, i.e. the estimated coefficient (Beta) was statistically significant (P-value < 0.05) for each of the six models. ) shows how many models classified the results as significant at the given level. In the case P<0.2, the effect is observed but probably only a subset of ED visits is affected by ozone. Ozone: z= O3. The estimated model (i.e. its main part directly related to the concentration-response) for the lags 0, 1, and 3-7 has the following form: W(z)= Beta*log(z)/(1+exp((mu-z)/rtau)), where rtau =r*tau, and r is the concentration range. The parameters mu and tau characterise the logistic function. According to the used specifications, the relative risk values RR(z) = exp(W(z)). Figure 1 illustrates the number of ED visits for conjunctivitis by sex and age, where age is in years. Ages 85 and above (85+) are shown as one point. The analysis of the ED visits by sex resulted in the following associations which are presented in Table 2 . -f(z)=z identity was used, otherwise f(z)=log(z); t tau = 0.2 was used, otherwise tau = 0.1; SE -standard error, Ozone: z= O3. The estimated models with statistically significant coefficients (P-Value<0.05) are marked by a star *.
For males only, lag 5 indicates significant associations. For female patients, lag 1 and 3 have positive (lag 2 has negative) and statistically significant associations. The estimated associations are also positive for lags 5, 7, and 9, but non-significant (P-Value was greater than 0.05 but lower than 0.1). Figure 2 shows the results for the exposure lagged by 5 days for all patients. The association is positive and statistically significant ( Table 1 ). The 95% confidence interval (95% CI) is also shown (blue lines). Figure 3 illustrates the concentration-response functions generated by the best model (chosen among the six fitted) for the exposure related to lags 0, 1, 4, and 6. The standard CC method classifies the association for the lag 0, 1, and 4 as statistically non-significant. Using the methodology presented here, Figure 3 shows the association along the concentration for these lags. The panel for lag 6 shows that there is no association for the exposure on 6 days before the ED visit and the associations are not statistically significant (P-value > 0.05) for lags 0-1 and 4. 
Discussion
The statistical methods used in the present study are different from those realized in previous studies [1, 48, 49] , where mainly the standard case-crossover method is used and realized as a conditional logistic regression model. The main advantage of the analysis applied in this study is the use of a non-linear concentration-response functions in the form of a mathematical formula [2, 45, 46] . In addition, we applied several models and determined the best fit among the considered variants. The reader may use the estimated parameters (Beta, mu, and tau) provided in Table 1 , function f(z), and easily re-construct Figure 2 , which is for the lag 5. This result agrees with Szyszkowicz et al. 2010 [1] , where for log-linear model for lag 5, the result was also statistically significant and positive. Of course, the same holds for other studied and presented models for the specified lags -using the estimated parameters it is possible to reconstruct concentration-response shapes.
Ozone poses high oxidative potential, and is able to cause damage to the ocular mucosa [50] [51] [52] and may provoke conjunctival inflammation via chemical modifications of aeroallergens and subsequent enhanced allergic response [36] .
In this study we considered all ED visits identified as conjunctiva problems. Not all of them are associated with exposure to ozone. Different types of conjunctivitis (ICD-9 codes: 372.0 -372.9) were analysed with the following assumptions: if health outcome A (a subset of conjunctivitis related to air pollution) has a positive association with an air pollutant, health outcome B has a neutral (non-) association, and health outcome C has a negative association, then A+C considered together will have a tendency to have a neutral association. In the A and C categories where the relations are opposite, positive vs. negative, they will reduce the associations to null. Other combinations such as: A, and A+B, should have stronger associations than A+C. Among the considered ED visits for conjunctivitis are cases that don't depend on exposure to ozone (type B). We don't expect many negative associations (type C), i.e. such that are significantly negative. In our presentation we still observed the associations, even when we considered all cases and have a mixture of cases of different types (A+B+C). In our situation we probably analysed the variant A+B+C, with a small number of the type C cases. In other words, we expected positive associations or non-associations for ED visits for conjunctivitis and ozone. In one case (female, lag 2) we obtained statistically significant negative associations. Figure 2 and 3 illustrate the shape of concentration-response related to exposure to ambient ozone and ED visits for conjunctivitis. We observed how this relationship changed along the concentration. It will be interesting to produce the concentration-response functions for other health outcomes. This was done previously, using the standard CC method, for 18 ICD-9 health groups to identify which air pollutants influence health [41] . The approach presented here is more precise, and can be used to qualify (give other estimates of the error) and quantify the air health effects.
Conclusions
The main findings of the presented study are: confirmation of the associations of ED visit for conjunctivitis with exposure to ambient ozone, and estimation of the form of these "associations" with 178 various concentration-response shapes, determine the best goodness of fit. The results agree with Szyszkowicz et al. 2010 [1] where, for log-linear model for lag 5, the estimated associations were also statistically significant and positive.
The strongest associations between exposure to ambient ozone and ED visits for conjunctivitis was estimated for the exposure lagged by 5 days.
We have to say that the observed inconsistency among the considered lags (for females: for lag 2 -negative, and for lag 5 -positive, statistically significant association) is not introduced by the presented methodology. The same type of the associations is estimated by using the standard time-stratified case-crossover method.
